The computational method of interior aerodynamic noise of the high-speed train was proposed based on the large eddy simulation (LES) and statistical energy analysis (SEA). Based on the SEA theory, the computation model of the interior aerodynamic noise was established, which included 422 car-body structural subsystems and 170 interior acoustic cavity subsystems. The fluctuating pressure spectrums on the car-body structural subsystems were obtained by the LES, and then the interior aerodynamic noise of the high-speed train was computed and analyzed. Computational results show that the sound pressure level of the drive's cab cavity and passenger compartment cavity has low frequency characteristics for the linerweighted sound pressure level and has broadband characteristics for the A-weighted sound pressure level. For the A-weighted sound pressure level, the sound energy of the drive's cab cavity is mainly distributed between 100~2000Hz, the sound energy of the passenger compartment cavity is mainly distributed between 50~2000Hz. The sound pressure level of the interior aerodynamic noise can be reduced for every frequency by improving interior sound absorption performance and increasing the damping of the car-body plate.
INTRODUCTION
With the increasing of the train speed, the interaction of the train and the ambient air becomes more and more obvious, which leads to a series of aerodynamic _________________________ 1 problems, such as aerodynamic drag, crosswind effect, pressure wave, aerodynamic noise [1, 2] . The aerodynamic problems have become main problems restraining the development of the high-speed train. Shen proposed that the substantial difference between the high-speed train and the traditional train lied in the qualitative change in the dynamic environment of the running train, i.e., mechanical dominated actions were turned to aerodynamic domination, this huge change produced the most important problem was the aerodynamic noise [3] . According to the Lighthill's acoustic analogy theory, the dipole aerodynamic noise source generated on the wall has a linear relationship with the six power of the train speed [4] . Thus, with the increasing of the train speed, the aerodynamic noise of the high-speed train will greatly increase. When the train speed reaches 300km/h, the aerodynamic noise will exceed the wheel/rail noise and become the main noise of the high-speed train [5] . At present, the research on the aerodynamic noise of the high-speed train mainly focuses on the far-field aerodynamic noise of the high-speed train. The most common method of the prediction of the far-field aerodynamic noise is to separate the prediction of the aerodynamic noise source from the prediction of the far-field aerodynamic noise, the first step is to compute the near-field flow and obtain the aerodynamic noise source, the second step is to compute the far-field aerodynamic noise radiated from the aerodynamic noise source. Takaishi studied the dipole aerodynamic noise source distribution around the bogie and pantograph regions of the high-speed train based on the large eddy simulation and the vortex sound theory [6, 7] . Sassa studied the computation method the aerodynamic noise radiated from the high-speed train door based on the large eddy simulation and the boundary method [8] . Xiao and Liu studied the prediction method the aerodynamic noise radiated from the streamlined train head based on the large eddy simulation and the Lighthill's acoustic analogy theory [9, 10] . When the high-speed train operates on the open track, the fluctuating pressure generates on the train surface, which may lead to the interior aerodynamic noise. There are two main ways that the fluctuating pressure on the train surface leads to the interior aerodynamic noise, the first way is that the fluctuating pressure on the train surface directly travels into the inside of the train through the gaps and pores of the parts of door and window, and generates the interior aerodynamic noise; the second way is that fluctuating pressure on the train surface causes the vibration of the train body, and the vibration will generate the noise. Liu studied the interior aerodynamic noise of the high-speed train in the middle and high frequency range based on the statistical energy analysis and SST   k turbulent model [11] . Xiao and Lu studied the interior aerodynamic noise of the high-speed train in the low frequency range based on the large eddy simulation and boundary element method [12, 13] . In the present paper, the computation method of the interior aerodynamic noise of the high-speed train is established based on the large eddy simulation and statistical energy analysis. The modal density and interior loss factor for each subsystem, and the coupled loss factor for different subsystems are computed by the theoretical formula. The large eddy simulation is used to compute the fluctuating pressure spectrum for each subsystem, then the interior aerodynamic noise of the high-speed train can be computed and studied.
COMPUTATIONAL METHOD OF INTERIOR AERODYNAMIC NOISE
The high-speed train is well sealed, the noise caused by the gaps and pores of the parts of door and window can be neglected. Thus, the noise caused by the vibration of the train is studied in the present paper. The computation of the interior aerodynamic noise of the high-speed train involves two steps: the first step is to compute the unsteady flow of the high-speed train using the large eddy simulation method and obtain the fluctuating pressure on the train body; the second step is to compute the interior aerodynamic noise caused by the fluctuating pressure on the train body using the statistical energy analysis method.
Control equations of large eddy simulation
In the large eddy simulation method, the mathematical filtering function should be established firstly to filter the eddy whose scale is smaller than the filtering function. Then the additional stress term should be introduced to reflect the influence on the small scale eddy on the motion of the large scale eddy. The velocity of the large scale eddy is defined as the filtering velocity in the large eddy simulation method [14] ,
where,
is the filtering function, which is used to calibrate the large scale eddy and filter the small scale eddy. Suppose that the filter operation and derivation operation can be exchanged, the following equations can be obtained when the filtering function is applied to the Navier-Stokes equations,
is the SGS Renolds Stress(SGS), which is the an unknown variable that should be modeled.
According to the basic SGS model proposed by the Smagorinsky, the SGS meets the following expression,
where, i  is the subgrid turbulent viscosity coefficient, ij S is the strain tensor component, which is defined as
Control equations of statistical energy analysis
In the statistical energy analysis method, the complex structural or acoustical system is divided into some coupled subsystems. By introduce the conception of the modal density and energy equipartition, the vibration energy is set as the basic parameter to describe the characteristics of subsystems. In each subsystem, the energy is reserved by the elastic and inertial elements, dissipated by the damped element, and transmitted into other subsystems by the coupled element. The energy flow relationship among different subsystems can be established by the system parameters, which is the energy balance equation. For the complex system with m subsystems, there are m energy balance equation, which are as follows [15] , 
NUMERICAL MODEL OF INTERIOR AERODYNAMIC NOISE

Statistical energy analysis model of the high-speed train
The establishment of the statistical energy analysis model is to divide the complex system into independent subsystems, and define the connected relationship among different subsystems. The surface patch on the streamlined head is built by the mesh, which is the single surface plate subsystem. The plane patch on the train body is built by the mesh point, which is the plane plate subsystem. Figure 1 shows the statistical energy analysis model of structural subsystems of the train body. The head train is divided into 184 plane plate subsystems and 238 single surface subsystems. The interior acoustical subsystem is the space enclosed by structural subsystems of the train body and inner plane, and 170 interior acoustical subsystems are built. Then, the subsystems should be connected to realize the energy transmission and loss among different subsystems. The connection type involves the line connection and surface connection. Figure 2 shows the connection relationship among different subsystems.
From Eq. (5), in order to compute the interior aerodynamic noise of the highspeed train, the basic parameters of the statistical energy analysis (modal density, internal loss factor and coupled loss factor) and the external input energy should be determined. The external input energy is computed by the aerodynamic model of the high-speed train established in section 2.2, and the basic parameters can be computed based on the theoretical formula. The theoretical formula can be referenced in literature [15] . 
Aerodynamic model of the high-speed train
When the high-speed train runs on the open track, the fluctuating pressure, which is caused by the turbulent boundary layer, generates on the train body. The fluctuating pressure on the train body can cause the interior aerodynamic noise. Thus, the external input energy of the interior aerodynamic noise of the high-speed train comes from the turbulent boundary layer, i.e., the fluctuating pressure spectrum on the train body [16] . In the present paper, the large eddy simulation method is used to obtained the fluctuating pressure spectrum on each structural subsystem. Considering that the interior aerodynamic noise of the head vehicle is studied and the computation amount of the large eddy simulation is very large, the high-speed train in the present paper consists of head vehicle and tail vehicle. The head vehicle is divided into 422 subsystem, which the same as that of in section 3.1, and the trail vehicle is not divided.
The computational domain is shown in Figure 3 .The distance between the bottom of train and the ground is 0.376m. The left boundary is set as the velocity inlet boundary, the right boundary is set as the pressure outlet boundary, the both side and top boundary are set as the symmetry boundary, the bottom boundary and the train are set as the wall boundary. The computational domain is divided by the tetrahedral mesh, the mesh size of the train is 30mm, and total number of the mesh is about 12 million. The large eddy simulation is adopted for the turbulent model and the Smagorinsky model is adopted for the subgrid-scale model. The PISO algorithm is adopted for the pressure-velocity coupling. What should be noticed is that, the time step of the flow field computation of the high-speed train should be the same with that of the interior aerodynamic noise computation. The maximum analysis frequency is determined by the time step. The maximum analysis frequency corresponding to the t
Hz. In the present paper, the maximum analysis frequency of the interior aerodynamic noise of the high-speed train is 10kHz, thus the time step of the flow field computation of the high-speed train is is 5E-5, which is much smaller than the time step of the common flow filed computation.
COMPUTATIONAL RESULTS
The interior aerodynamic noise of the high-speed train can be computed when the basic parameters of the statistical energy analysis and external input energy are determined. The train speed is 350km/h. Figure 4 shows sound pressure level (SPL) of the left cavity of the drive's cab. Figure 5 shows sound pressure level (SPL) of the middle cavity on the top of the back bogie of the passenger compartment. It can be seen from Figure 4 and Figure 5 that, for the linear-weighted sound pressure level, the sound pressure level of the interior aerodynamic noise has low frequency characteristics, and the sound pressure level tends to decrease with the increasing of the frequency. For the A-weighted sound pressure level, the sound pressure level of the interior aerodynamic noise has broadband characteristics, and the sound energy is mainly distributed between 100~2000 Hz for the drive's cab cavity and 50~2 000 Hz for the passenger compartment cavity. It can be seen from Figure 6 that, the sound pressure level of the passenger compartment tends to increases along the longitudinal of the passenger compartment from the front to the back. There are two main reasons. The first is that there is a bogie in the back of the passenger compartment, the fluctuating pressure near the bogie is very large. The second region is that the thickness of the turbulent boundary layer increases along the train, the fluctuating pressure becomes larger in the back region. For the linear-weighted sound pressure level, the sound pressure level of the down cavity is relatively large, and the sound pressure level of the up cavity is relatively small. For the A-weighted sound pressure level, the sound pressure of the middle cavity in the front and up cavity in the back is relatively large, and sound pressure level of the up cavity is relatively small.
There are two aspects to reduce the noise: noise source and propagation path. The noise source of the interior aerodynamic noise of the high-speed train is the fluctuating pressure spectrum, which can be improved by the optimization of train shape. In the present paper, the measures are taken from the propagation path to reduce the interior aerodynamic noise of the high-speed train.
Based on the energy balance equation, the subsystem energy decreases with the increasing of the acoustic absorption coefficient, thus the sound pressure level of the subsystem can be reduced. Figure 7 shows the A-weighted should pressure level (SPL) of the left cavity of the drive's cab for different acoustic absorption coefficients. It can be seen from Figure 7 that, the A-weighted sound pressure level decreases with the increasing of the acoustic absorption coefficient for each frequency.
When the carbody damp increases, the internal loss factor increases; then the vibration of the train body decreases and the sound pressure level of the internal cavity decreases. Figure 8 shows the A-weighted should pressure level (SPL) of the left cavity of the drive's cab for different damping material. It can be seen from Figure 8 that the A-weighted sound pressure level decreases with the increasing of the carbody damp for each frequency. 
CONCLUSION
The computational method of the interior aerodynamic noise of the high-speed train was established in the present paper based on the large eddy simulation method and statistical energy analysis method, and the characteristics and reduction of the interior aerodynamic noise of the high-speed train were studied. The research shows that interior aerodynamic noise of the high-speed train has low frequency characteristics for the liner-weighted sound pressure level and has broadband characteristics for the A-weighted sound pressure level. For the A-weighted sound pressure level, the sound energy is mainly distributed between 100~2000Hz for the drive's cab cavity and 50~2000Hz for the passenger compartment cavity. The sound pressure level of the interior aerodynamic noise can be reduced for every frequency by improving interior sound absorption performance and increasing the damping of the car-body plate.
